Scorpion venom is composed of a number of peptides, many of which show neurotoxicity. The Isometrus maculatus scorpion, belonging to the Buthidae family, is found in many tropical regions, including the southern islands of Japan, but there have been no reports on the isolation of toxins from its venom affecting sodium channels. We isolated in this study a novel toxin, Im-2, from the I. maculatus venom. Im-2 induced paralysis in crickets after injecting 20 g/g of body weight. Im-2 also induced lethality in mice after an intracerebroventricular injection, indicating that Im-2 had non-selective toxicity between insects and mammals. Im-2 consists of 68 amino acids cross-linked by 4 disulfide bonds, and has sequence similarity to scorpion -toxins that have been reported to affect the sodium channels of both insects and mammals. The toxic symptoms caused by Im-2 suggest that it acted on the nervous system and shared the action mechanism(s) with sequence-homologous -toxins.
Scorpion venom contains peptide toxins with high functional and structural diversity. 1) Since the primary role of the venom is to paralyze or kill natural prey and predatory animals, many of the isolated toxins to date are active towards insects, crustaceans and mammals, and act quickly by interacting with the ion channels of the excitable membranes to affect the nervous system. While scorpion toxins have been shown to modulate the functions of various types of ion channel (Na þ , K þ , Ca 2þ and Cl À ), those acting on the sodium channels have been most intensively investigated due to their high toxicity, 2, 3) and are traditionally divided into two major classes, -and -toxins, according to their mode of action, binding properties and primary structure. Of these classes, -toxins attract the greatest attention, because of their high selectivity towards insects in some cases, although the structural factors contributing to their selective toxicity remain unclear. 4) Toxins affecting sodium channels have mainly been isolated from the venom of Buthidae scorpions. While some scorpions in this family are well known to be harmful to humans, Isometrus maculatus, one of the Buthidae scorpions found in tropical regions throughout the world, including the southern islands of Japan, is not hazardous to humans, and little attention has therefore been paid to its venom in terms of the biological activity and chemical components. However, several research groups have recently focused attention on the venom of I. maculatus to identify its toxins: these include the antimicrobial peptide, imcroporin, 5) and potassium channel blockers, ImKTx1 and ImKTx88. 6, 7) Our group has also isolated Im-1, which had both insect toxicity and antimicrobial activity. 8) The genes encoding the peptides that share similarities to sodium-channel-acting toxins were also identified by a transcriptome analysis of the venom gland of I. maculatus, 9) although no such toxins have yet been isolated from the venom. This study continues the search for biologically active components in the venom of I. maculatus to isolate and characterize a novel -toxin which had toxicity towards insects and mammals.
Materials and Methods
Collection of the venom. The I. maculatus scorpions were collected from Ishigaki Island located at the southern end of the Ryukyu Islands in Japan. They were maintained at 25 C in a laboratory under dry conditions and fed crickets (Acheta domestica) purchased from Sphero Aqua (Hamamatsu, Japan). Each scorpion for venom collection was placed in a cage and stimulated to sting a sheet of Parafilm set on a wire frame by gently touching the side of the mesosoma with forceps. The venom was dissolved in aqueous 2% acetic acid and centrifuged at 1;200 Â g for 10 min, before the supernatant was lyophilized and stored at À80 C. Venom obtained from female specimens was used in this study.
Bioassay. Insect toxicity against crickets (A. domestica, 50 AE 5 mg of body weight) was examined by injecting 1-2 mL of the sample solution in distilled water into their abdominal region. Distilled water was injected as a negative control. Paralysis and death were respectively monitored after 1 and 24 h. For each measurement, 6-10 animals were used. Toxicity to mammals was evaluated by injecting the sample solution in a PBS buffer (10 mL) intracerebroventricularly into mice (male Slc:ICR strain, 20 g of body weight) after anesthetizing with isoflurane. The PBS buffer was injected as a negative control. Three animals were used for each measurement, and the toxic symptoms were monitored up to 24 h. The experimental protocol was approved by the Ethical Committee for the Welfare of Animals at Kyoto University.
Mass spectrometric analysis. LC/MS measurements were carried out in a positive ion mode with an LCMS-IT-TOF mass spectrometer y To whom correspondence should be addressed. Tel: +81-75-753-6116; Fax: +81-75-753-6123; E-mail: miyamasa@kais.kyoto-u.ac.jp Abbreviations: RP-HPLC, reversed-phase high-performance liquid chromatography; TFA, trifluoroacetic acid (Shimadzu, Kyoto, Japan) equipped with an electrospray ion source. Reversed-phase high-performance liquid chromatographic (RP-HPLC) separation was performed in a C18 microbore column (TSKgel ODS-100V, 1 Â 150 mm; Tosoh, Tokyo, Japan). The column was eluted with 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) at a flow rate of 0.05 mL/min. Precursor ions were manually selected for the LC/MS n analysis, and a collisioninduced dissociation spectrum was obtained by using argon as the collision gas. The mass scale was externally calibrated by using a trifluoroacetic acid (TFA) . Na solution.
Purification of peptides. The crude venom (8.9 mg) was dissolved in distilled water and applied to a C4 semi-preparative RP-HPLC column (10 Â 250 mm; Grace Vydac, Deerfield, IL, USA). The column was eluted with 0.1% TFA in water (solvent C) and 0.08% TFA in acetonitrile (solvent D) at a flow rate of 2 mL/min, using a linear gradient of 5-60% of solvent D over 55 min. Elution was monitored by the UV absorbance at 215 nm. Major fractions were collected and lyophilized. Each fraction was submitted to the insect toxicity test, and those fractions showing toxicity were applied to a C18 microbore column (1:0 Â 250 mm, Grace Vydac). The column was eluted at a flow rate of 0.05 mL/min, using a linear gradient of 15-35% of solvent B over 30 min. Each HPLC peak was individually collected and lyophilized. The insecticidal peptide, Im-2 (131 mg), was finally obtained. The purity of the peptide was checked by the LC/MS analysis already described.
Determination of the amino acid sequence. The purified peptide (0.3 nmol) was subjected to automated Edman sequencing (Procise 491-HT; Applied Biosystems, Foster City, CA, USA) without reducing and alkylating the disulfide bridges. The peptide was dissolved in a buffer containing 0.3 M NaHCO 3 (pH 8.5), 6 M urea and 6 mM DTT to obtain internal fragments, and the mixture was incubated for 45 min at 65 C. The reaction mixture was then mixed with iodoacetic acid (12.5 mM final concentration) and incubated for 30 min at 25 C. The solution was diluted two-fold with water, and the derivatized peptides were digested with endoproteinase Lys-C (Wako Pure Chemical Industries, Osaka, Japan) or chymotrypsin (Roche Diagnostics, Tokyo, Japan) for 18 h at 37 C at a peptide/enzyme ratio of 10:1 (w/w). The peptide fragments were subjected to the LC/MS n analysis for de novo sequencing or purified in a C18 microbore column (1:0 Â 250 mm, Grace Vydac) for the Edman sequencing analysis.
Homology modeling. Isolated-FAMS homology modeling software (In-Silico Sciences, Tokyo, Japan) was used to construct the threedimensional model of Im-2. First, the coordinate of LqhIT2 (PDB code: 2I61) was downloaded from the PDB web site. The primary sequence of Im-2 was automatically aligned with that of LqhIT2, and the structure of the toxin was optimized by simulated annealing of the FAMS-ligand. The structure was then minimized by using MMFF94 of SYBYL (Tripos, St. Louis, MO, USA) under the limited conditions of the main chain of peptides being fixed.
Results

Purification
The I. maculatus venom was fractionated in the previous report by using a C4 RP-HPLC column, and three fractions (Fig. 1a) were found to be toxic towards crickets (A. domestica), 8) Im-1 being isolated from fraction A. In this present study, another toxic fraction B was further purified by using a C18 RP-HPLC column (Fig. 1b) . The sub-fractions obtained were tested for insect toxicity by using crickets. The main component in the active sub-fraction was isolated and named Im-2, whose monoisotopic molecular mass was determined to be 7909.7 by an LC/MS analysis. One hundred and thirty one mg (1.5%) of Im-2 was obtained from 8.9 mg of the crude venom.
Toxicity
The insect toxicity of Im-2 was evaluated by using crickets (A. domestica). As shown in Table 1 , Im-2 induced paralysis of the limbs in more than half of the tested insects after injecting 1 mg/animal (20 mg/g of body weight). This paralysis did not result in subsequent death of the insects, and no lethal effect was apparent even after injecting 2 mg/animal (40 mg/g of body weight). Im-2 was less toxic than such a highly potent scorpion toxin as Bm32-VI (EC 50 = 0.18 mg/g of body weight of crickets), 10) but had toxicity comparable to such a moderately potent toxin as Cn5 11) which induced paralysis in crickets at a dose of 20 mg/g of body weight without leading to death. Im-2 also had considerable mammalian toxicity, intracerebroventricular application of Im-2 to mice causing immediate death at a dose of 1 mg/animal (0.05 mg/g of body weight). Since the neurotoxicity of peptide toxins can be detected more sensitively (10-200 fold) by an intracerebroventricular injection than by an intraperitoneal injection, 12) it is difficult to conclude that Im-2 was more toxic to mammals than to insects from this data.
Structural determination
Intact Im-2 was first subjected to an Edman sequencing analysis, and the sequence of the N-terminal 32 residues was determined (Fig. 1c ). Im-2 was then reduced with DTT, and reacted with iodoacetic acid to alkylate the Cys side chains. Alkylated Im-2 was digested with endoproteinase LysC or chymotrypsin, and the resulting peptide fragments were subjected to an LC/MS n analysis for de novo sequencing or RP-HPLC separation for the Edman analysis. Based on the sequence of the overlapping regions, the fragments were combined to construct the whole peptide, and the total sequence of Im-2 was determined as shown in Fig. 1c . Im-2 consisted of 68 amino acid residues crosslinked by 4 disulfide bonds. The monoisotopic molecular mass calculated from the determined structure of Im-2 was consistent with the measured value.
Sequence comparison A BLAST search 13) showed that Im-2 had significant sequence similarity to such scorpion -toxins as BmK AS-1, 14) Lqh1, 15) BmK AS 14) and AaHIT4 16) (Fig. 2a) . These toxins have been reported to act on the sodium channels of insects and mammals in a non-selective manner. Considering the observed non-selective toxicity of Im-2 between crickets and mice, it is likely that Im-2 shares the action mechanisms with these non-selective -toxins.
Discussion
We have described in this paper the isolation and structural determination of the novel peptide toxin, Im-2, from I. maculatus venom. Im-2 shares characteristics with a series of scorpion toxins referred to as -toxins, and this is the first report on the isolation of -toxins from this scorpion species. Scorpion -toxins are categorized into 4 groups according to their selectivity of toxicity and the symptoms: 4) (i) anti-mammalian toxins mainly isolated from New World scorpions; (ii) anti-insect toxins with an excitatory effect, inducing spastic paralysis to insects, but not to mammals; (iii) anti-insect toxins with a depressant effect, selectively inducing flaccid paralysis in insects; and (iv) nonselective toxins that are active towards both insects and mammals by interacting with their sodium channels. To date, however, the structural factors determining these toxicity types of -toxins are not well understood. Im-2 is likely to belong to non-selective toxin group iv due to its toxicity and sequence similarity, although no experimental evidence for Im-2 interacting with the sodium channels of both insects and mammals was obtained in this study. Based on the assumption that the molecular target of Im-2 was the sodium channel, the structure of Im-2 was examined in detail and compared with that of insect-selective toxins in the subsequent sections in order to explore the structure-activity relationship of scorpion -toxins. Figure 2 shows the amino acid sequences of several non-selective -toxins, including Im-2, in comparison with the insect-selective -toxins. Of these, LqhIT2 has been most extensively studied in terms of the structureactivity relationship, 17) and it has been demonstrated that 8 residues (Lys11, Ile16, Lys23, Glu24, Trp36, Trp38, Trp53 and Asn58) were particularly important for binding to insect sodium channels (Fig. 2b) . The sequence alignment data in Fig. 2a show that two of these residues, Lys23 and Trp38, were respectively substituted by Ser and Tyr in Im-2 and other nonselective -toxins; this may have decreased the affinity to sodium channel protein, resulting in lower insect toxicity. On the other hand, amino acid residues Trp18, Isolation of a -Toxin from the Isometrus maculatus VenomArg33, Phe42, Lys44 and Tyr61 were only conserved in non-selective -toxins, including Im-2. It is therefore likely that these residues had important association with their mammalian toxicity.
It has been shown that the bioactive surface of -toxins was composed of two important regions: the -helix and the N-groove (Fig. 2b) . In order to assess the effect of amino acid substitutions in these regions on the bioactive surface topology of -toxins, the three-dimensional structure of Im-2 was constructed by homology modeling, and compared with that of LqhIT2 obtained by an X-ray structural analysis (Fig. 3) .
17) The -helix region required for the affinity with sodium channel proteins included two (Lys23 and Glu24) of the 8 important residues for the interaction of LqhIT2 with the sodium channel (Fig. 2 ). Of these, Lys23 was substituted by Ser in the non-selective -toxins, suggesting that this substitution could result in the loss of insect selectivity in Im-2. Furthermore, this region contained the ''hot spot'' made up of a Glu residue (Glu24 in LqhIT2) flanked by hydrophobic residues which plays a critical role in binding to the target protein. 18) Tyr28 in LqhIT2 is considered to serve as one of such flanking hydrophobic residues to form a ''hydrophobic gasket'' for this binding. 17) The corresponding residue, however, in Im-2 was hydrophilic Arg33 (Figs. 2a and 3b) which was conserved in all of the other non-selective -toxins. It is thus very likely that this difference (hydrophobic vs. hydrophilic residues) was also associated with the loss of selective affinity with its putative target, the insect sodium channel, in Im-2.
On the other hand, the N-groove region is considered to be involved in voltage sensor trapping of the sodium channel, conferring an inhibitory function of -toxins towards the channel. 4) Im-2 and other non-selectivetoxins commonly contain Trp (Trp18 in Im-2) in this region instead of Ala or Ser in such insect-selectivetoxins as LqhIT2 and LqqIT2 (Fig. 2b) . As shown in Fig. 3 , this residue is located on the bottom of the Ngroove. Interestingly, aromatic amino acid residues are conserved at the corresponding position in such antimammalian -toxins as CssIV (group i as already described), and its substitution by Ala has been shown to reduce the binding affinity to the mammalian sodium channel.
19) It has also been reported that the substitution of Ala at this position by Trp in LqhIT2 affected the voltage sensing of the insect sodium channel without changing the binding affinity, although its effect on mammalian toxicity was not examined. 17) These facts suggest that Trp18 of Im-2 was associated with the interaction with the voltage sensor of the mammalian sodium channel to play an important role in the expression of non-selective toxicity.
In conclusion, Im-2 is a novel non-selective -toxin isolated from the I. maculatus venom which was toxic to both insects and mammals. Further investigation of the actions of Im-2 on the sodium channel by using mutated analogs will provide insight into the molecular mechanism underlying the insect-selective -toxins. Regions important for the interaction with insect sodium channels are shown by a dotted circle (hot spot) and an arrow (N-groove).
